Introduction
Until recently, a typical distribution route for new research software was confined to placing the code to an ftp site for potential users to download and install. Since installation on platforms other than the ones used by developers often results in portability problems, this approach requires sometimes substantial system administration expertise on the part of the user.
A more attractive alternative for software distribution is the World Wide Web (WWW) which provides a gateway to run software remotely at a single system accessible by millions of people. It also simplifies access for inexperienced or even occasional users, who may not have the necessary hardware, software or knowledge required to run software locally. This distribution mode is becoming increasingly popular among developers working in the field of computational molecular biology. In fact, the list of useful and popular research tools available on the WWW is already too long for this paper, and may well be outdated by the time it is printed. A good starting point for a new user would be the Agricultural Genome Information Server (its URL, or universal resource locator, is at http://probe. nalusda.gov:8000/elsewhere/indexbio.html).
The recent developments of the new programming language Java (Gosling and McGilton, 1995) have brought yet more possibilities for distributed computing, which theoretically allow for delivering full-blown platformindependent software to a user's client machine. Despite the current limitations of Java implementation in available WWW browsers, a number of useful applets have been developed and used by molecular biologists (Toldo, 1997) .
Some popular tools for collecting and displaying genomic mapping information, like the ACEDB software, have grown into Web publishing tools for molecular biologists, with the back-end database complemented by an interactive WWW interface (for more information, see http://probe.nalusda.gov:8000/).
However, there is an obvious gap between collecting experimental data and publishing genomic maps (whether on paper or the WWW). A very important step includes the assembly and analysis of contigs, i.e. continuums of overlapping clones, representing building blocks of any physical map. This is a difficult computational problem not only because of the sheer volume of the data, but also due to considerable experimental noise. Robust analytical algorithms are required to help construct such maps and contigs, and resolve inconsistencies in the data. The latter process often requires human intervention, thus making the data visualization component essential for experimentalists working with such software.
While large research organizations may have the a luxury of writing custom in-house software for these purposes, smaller groups often lack necessary resources. We attempt to fill this gap with our work, aimed at providing such contig-building software on the WWW. In this paper, we present a prototype distributed environment for molecular biologists working in the area of genomic mapping built on top of our analysis and display tools.
Algorithm
The main body of our analysis suite is built upon the algorithms described earlier Grigoriev et al., 1994) supporting contig construction based on hybridization data. Typically, in such experiments, clone libraries arrayed on filters as high-density grids (Lehrach et al., 1990) are probed with single-copy genomic landmarks, establishing clone overlaps on the basis of sharing common probes.
These algorithms use simulated annealing and heuristic rules for ordering hybridization probes and filtering out experimental noise (false-positive and false-negative signals on filters due to background variation, hybridization/ spotting anomalies, human error, etc.) and detecting nonlinearities of a map (repetitive probes, chimeric clones/ internal deletions and well-to-well library contamination). Although hybridization experiments constitute the main source of data in the mapping projects carried out in our laboratory, our analysis tools could be used with other types of mapping data based on single-copy probing.
For our WWW server, we have chosen the contig construction algorithm based on simulated annealing (for another approach, aiming at ordering the set of markers such that the markers contained in each clone are consecutive, see Soderlund and Dunham, 1995) , employing the maximumlikelihood estimate of the distance between the probes (see Mott et al., 1993) . The problem of ordering the probes may be cast into the travelling salesman problem: find that circular ordering of the probes with the minimum total path length.
This implementation of the simulated annealing algorithm takes an initial order of objects and applies random changes to the order, via sub-order reversals and sub-order translations. If a change decreases the path length, it is always accepted, while changes which increase the path length are only accepted with a probability depending in the current annealing temperature and the magnitude of the change. Since each inter-probe distance need be calculated only once, the execution time is dependent primarily on the number of probes, not the number of clones. The output probe order is then broken into a set of probe contigs, with either no or very few clones connecting the last probe of one contig to the first probe of the next. An adjustable cut-off distance value is used to determine where the contig breaks occur. Any probes which have been previously mapped provide a means for ordering and orienting these contigs into their correct positions on the genome, for if two contigs contain neighbouring mapped probes, then it is likely that the contigs should be adjacent, even if there are no hybridizations linking them.
Once the order of probes and contigs is established, the clones are fitted to the probe order, using the algorithm which essentially places each clone on that section of the probe order where it has the highest density of positives. All potentially inconsistent results, i.e. any hybridization linking a clone in one contig to a probe in another, are listed. If, after being ordered using a map, a pair of linked contigs are adjacent, then these links are more likely to be genuine. If a clone has also been used as a probe, then the program also checks whether the probe and clone are assigned to the same contig.
This approach has been used successfully for building whole genome maps of Schizosaccharomyces pombe (Maier et al., 1992; Hoheisel et al., 1993) and mapping human chromosomes 21 (Nizetic et al., 1994) and X (Roest Crollius et al., 1996) .
Implementation
The algorithms are implemented in C together with other utilities for the manipulation and inspection of hybridization data, and as a software package are publicly available from the MPIMG ftp server (ftp.mpimg-berlin-dahlem.mpg.de). This package is currently being used by a number of laboratories, and our experience suggested that instead of porting the software to several different platforms, it could be implemented as a set of WWW tools, thus making the analysis routines immediately available to a wide scientific community.
The first step in this implementation was to convert and enhance the output using the hypertext mark-up language (HTML) and develop a new user interface mechanism on the basis of the Common Gateway Interface (CGI). Then, a data submission step was added, using the file upload protocol extensions from Netscape Communications Corp. (http://www.netscape.com/). Finally, DerBrowser, an interactive map display tool in Java, has been developed on top of the server architecture, delivering the graphical display function to run on client platforms via Java-compliant WWW browsers.
WWW server interface
The data are sent to the server via an upload file feature, allowing the user to browse a local file system and select a file with a click of the mouse. Up to three datafiles can be uploaded sequentially: a probe-clone incidence matrix (hybridization file), a probe list (probe file) and an order information file (map file, containing additional positional information such as genetic mapping data).
After that, a user is presented with a menu of available programs (we also plan to add typical scenarios for data analysis later). The server programs are started using CGI script wrappers written in Perl. The program output appears in the browser window in HTML, together with the Java interface, if applicable.
Multiple command-line switches used by the programs in the package are replaced by radio buttons and pull-down menus, improving the overall 'friendliness' of the user interface. User documentation and context-sensitive help are currently available as an HTML file. 
Java interface
As an interactive client-side interface, we are using DerBrowser (Grigoriev, 1997 ; see also http://www.mpimg-berlindahlem.mpg.de/∼andy/DerBrowser/). DerBrowser is a Java applet designed to display genomic maps and serve as an interactive WWW graphical user interface to databases containing positional data on mapped objects or analytical tools producing positional output. Its functions are as follows: S display a map, allowing for some customization; S find an object by name; S select an object on a map; S query a data source about selected object; S retrieve a new map. The objects on a map are arranged automatically, avoiding overlap; the applet provides for autoscaling, zooming and scrolling the map (Figure 2 ).
The applet currently distinguishes the following data types:
S single-locus objects (e.g. clones: from mega-YACs to plasmids); S multi-locus objects (chromosomal bands, radiation hybrids, chimeric clones, sets of contigs, restriction maps, genes with intron-exon structure, sequence features, etc.); S objects with permanently visible names (suitable for genetic loci, names of other objects become visible at an appropriate zoom level); S comparative map elements connecting two map positions; S sequences.
The applet could be extended to display other data types. Each class, representing a data type, has a method of drawing itself and could (if necessary) override a parent method of locating an object on a map, to be consistent with the applet's current functionality.
Communication with the database is performed using the standard hypertext transfer protocol (HTTP) GET method. The applet has 'no knowledge' of the back-end data model and it only sends requests to and receives data from CGI scripts (or static HTML files) which can be modified to enable communication with any other database (one or several). This overcomes the problem of Java security restrictions on applet connections to different hosts.
For an example of using DerBrowser with on-line databases, see the site of the IXDB (http://ixdb.rz-berlin.mpg.de; Leser et al., 1998) , the database of the mapping information on the human X chromosome, developed and maintained at MPIMG. This paper gives a practical illustration of how the same reusable map display component can be employed in a different environment. Figure 1 shows a simplified schematic representation of the server operation, with the communication steps numbered 1-12. The top half represents the input data transfer (steps 1-5), while the bottom part shows steps 6-12, from selection of the program to run to the output of the results.
WWW server architecture and implementation
For contig construction, we currently use wprobeorder and jprobeorder, two implementations of the simulated annealing algorithm described above. This is the least interactive contig-building tool and since the HTTP server architecture prevents a straightforward user interaction with a running program, we have not yet modified other contig builders from our package for WWW use.
The wprobeorder program produces a detailed output in HTML format, including run time information, statistics on probe and clone hits, and a description of each individual contig, detailing connections to other contigs. Most of the Fig. 3 . An HTML output of a typical contig, with the available mapping information from other sources (genetic map, fluorescent in situ hybridizations, radiation hybrid mapping, with plain text user comments). It starts with a list of probes corresponding to the vertical columns in the hybridization matrix given in a set of fitted clones. Symbol '3' designates a strong positive, while dots show negative hybridization signals. Connections to other contigs are given as hypertext links below the contig body. Note that the two probe names in the connections refer to two adjacent wells in the same microtitre plate, indicating a potential well-to-well contamination of these probes.
objects on the map are hyperlinked, making the navigation around large output files straightforward and easy. It also gives a schematic view of the whole map as an HTML file with links to individual contigs. For browsers supporting Java, jprobeorder provides the same HTML output plus two pages with a graphical map display. These pages depict the inter-contig connections and the complete map, using the same applet, DerBrowser, which in turn, provides links from graphical elements back to the detailed textual HTML output.
Sample screenshots show the HTML output of wproberoder ( Figure 3 ) and inter-contig connections display (Figure 2) produced by a run of jprobeorder.
Analogous modification of reorder, the program to fit clones to a given order of probes, useful for manual alteration of constructed contigs, is currently under way.
The standard Postscript output routine from our package is also implemented in the program wshow that will send a user a map as a file ready to print (with the usual options of breaking it in multiple pages, highlighting/omitting selected probes and clones, and a colour output).
A simpler routine implemented as a part of the server is wplate, an HTML table output of all the library plates used (Figure 4) , indicating the number of probe hits received by each well (i.e. clone) and highlighting those above a specified threshold. This information could be very useful for 
System and methods
Our server platform is a DEC Alpha workstation running Apache HTTP software (Version 1.2.4) under the Digital UNIX (Version 4.0) operating system. Program interfaces are constructed on the fly depending on the type of input data and analysis routines chosen. A session is assigned to each user for easy tracking of output files of multiple programs and clean-up. To keep the HTTP connection alive during longer computations, the HTML tag <META HTTP-EQUIV='REFRESH'... is used by CGI session dispatcher scripts until a target program completes. A WWW browser capable of handling such tags and supporting file upload and Java (such as Netscape 2.0 and above) is required for accessing the server.
Regarding the limitations of the WWW-based analysis of large-scale mapping data, the current record for our server is a 23 Mbyte input file with >10 000 clones and 2000 probes, which took ∼2 h to complete. That unusually large dataset contained mapping data for the Arabidopsis thaliana genome (E.Buehler, personal communication).
Discussion
Although the number of on-line biological databases and applications is impressive, so far there has been little support for physical map construction apart from the telnet-based services at HGMP (http://www.hgmp.mrc.ac.uk/). An experimental service is provided by the Whitehead Institute/ MIT Center for Genome Research at http://www-genome.wi.mit.edu/cgi-bin/contig/rhmapper.pl allowing one to map STSs relative to the radiation hybrid map of the human genome and receive results by e-mail. Most of the other WWW tools deal with sequence search and analysis.
With our work, we not only try to compensate for the lack of servers for building genomic maps from raw data, but also attempt to use the possibilities brought by the WWW and Java for creating an on-line environment for data analysis. Since the CGI architecture requires detaching the user interface from the server-based calculation modules, we have not ported the dialog-orientated programs from our package for WWW use. However, the command line-driven software is very straightforward to port and it has in fact benefited from the acquired interactive interface for viewing a complex output in both text-rich and graphical forms.
The advantage of using HTML in the output of constructed contigs is that all potential links between them are immediately available for a user's inspection, which could reveal a potentially incorrect hybridization result (see an example in Figure 3 ). Also, for each probe in a contig, a link with additional information, such as the number of clone hits, is available. Invisible to a user, internal references in the form of <a name=...> tag are given to every object in the output, providing a flexible pointer system for hypertext referencing from other related HTML files. One example of its potential use could be an extension of the wplate program to link all wells in a microtitre plate to the clones and probes in the contigs.
Such references are also extensively used by DerBrowser, displaying in graphical form both the inter-contig connections and the complete map. Should a user request more information about a particular object on the graphical display, the corresponding part of the relevant contig output will be shown as HTML in another window. This approach provides a basis for a distributed user-friendly point-and-click environment, which could be further extended for referencing external databases on the WWW.
We also plan to use our server architecture as a framework for integrating additional (possibly external) analysis tools with compatible input and output formats. The immediate advantage is that such tools can be provided with the interactive Java-based interface, capable of displaying a wide range of linear maps. While applets are often used for database interfaces or (due to Java speed limitations) simple calculations, ours is probably the first reported non-commercial implementation of a reusable Java front-end connected to a server-based analysis tool for molecular biologists.
Prospective users are invited to explore the server at the URL http://www.mpimg-berlin-dahlem.mpg.de/∼andy/server/.
